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lETRODUCTlOB 

Selenium  oelle  have  been  studied  with   their 
ultimate  utilization  in  photometry  in  view, hut 
little  or  nothing  has  been  done  to  perfect  them 
for  uee  for  the  automatic   operation  of  circuit 
closing  and  circuit   opening  relays, in  ordinary 
lighting  circuits. 

The  idea   of  making  use  of  the  sensitivity 
of  selenium  cells  to  illumination  for  the  oper- 
ation of  relays  was  suggested  to  the  author  by 
Professor  J.  E.   Snow.    It   opened  up  tremendous 
possibilities  for  research  work  and  was  instant- 
ly accepted  as  a   suitable   thesis  subject. 

An  exhaustive  review  of  the  published  liter- 
ature on  the   subject  of  selenium  cells  proved 
that  the  cells, at  least   in  their  present   form, 
were  not  suited  directly  for   the  purpose  in  view. 
Convinced  of  this,   the  author  decided  to  confine 
himself, for   the  present, to  a  study  of  the  char- 
acteristics of  the   cells, more  particularly , the 
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illtimination-ovirrent  relationship; and  leave  for 
future  research, the  oonstruotion  and  adaptation 
of  a  cell  for  the  practical .object  in  view. A 
selenium  cell  was  fortunately  available  in  the 
Physics  Department  of  the  Institute. 

At  different  steges  of  the  work, the  author 
freely  consulted  members  of  the  faculty,  partic- 
ularly Professors  Freeman, Mlc ox, Loubt, end  Marsh* 
to  whom  he  ie  greet ly  indebted. 

Value ble  aid  in  the  leboratory  work  was 
given  by  Mr.A.Falk.of  the  Instrueont  Room, whose 
help  and  assietenoe  were  of  material  value  in 
making  this  report  possible. 

R.A.N. 
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Review  of  the  Subject. 

Forty  three  years  ago  the  discovery  was 
made  that  the  reeietance  of  selenium  diminishes 
under  the  action  of  light.  In  the  investigations 
that  have  followed, many  other  interesting  char- 
acteristics have  been  brought  out.  It  is  cust- 
omary to  specify  the  "sensitiveness"  of  selen- 
ium by  stating  the  ratio  in  which  its  resistance 
is  reduced  by  a  given  illumination.  Selenium  cells, 
properly  so  called,  ere  electrolytic  cells  in 
which  the  illuminated  selenium  forme  one  of  the 
electrodes  and  generates  an  e.m.f.  Selenium  cells 
in  which  the  action  due  to  light  is  a  change  in 
the  resistance  of  the  selenium  sxe   more  properly 
termed  selenium  bridges. 

Ever  sinoe  the  discovery  of  the  sensitiveness 
of  the  electrical  resistance  of  metallic  selenium 
to  alteration  in  illumination  attention  has  been 
given  to  the  problem  of  finding  an  explantaion  of 
the  phenomena.  In  late  years, two  views  have  been 


expressed  regarding  this.  Quoting  Prof*  1.  E. 
Pfiuid: "Although  by  no  meene  definitely  proved, 
it  seems  very  prohahle  that  the  changes  in 
resietanoe  upon  exposure  to  light  are  due  to 
the  eelenium  itself  an&  to  selenides, which  are 
present  as  impurities.  Upon  this  view, it  is 
considered  that  light,  in  falling  upon  selenium 
and  in  being  absorbed,  sets  up  resonance  within 
the  atom,  and  this,  in  turn,  gives  rise  to  an 
expulsion  of  electrons-  thus  inor easing  the  num- 
ber of  electrons  available  for  carrying  the  curr- 
ent, and  hence, increasing  the  conductivity." 

This  view  has  found  favor  with  some  invest- 
igators, particularly  with  Ries,to  whom  a  great 
amount  of  valuable  work  is  due.  It  deserves 
attention  for  various  reasons:  first, the  ulti- 
mate explanation  found  must  be  in  terms  of  the 
electron  theory, if  that  theory  is  to  remain  a 
permanent  pert  of  our  physical  science.  Again,* 
the  idea  of  resonance  is  a  very  plausible  one 


to  explain  en  inoreese  of  oonduotivity. 

The  second  theory  may  be  oonstrued  sb  (^uite 
in  harmony  with  the  first.  Mar o  end  others  have 
obtained  evidence  thet  there  exisits  at  least 
two  forms  of  metsllio  selenium  of  widely  diff- 
erent electrical  resistivity ;and  it  is  assumed 
that  Illumination  brings  about  a  transformation 
from  the  less  to  the  more  conducting  of  the  two. 
Prof.  P.  C.  Brown  has  advanced  a  three  form 
theory, A*  B,  end  C,  but  this  has  found  little 
favor  with  scientists. 

Selenium  is  difficult  to  investigate  in  that 
80  many  agencies  elter  its  conductivity , each  to 
a  greater  or  lessor  extent, and  it  is  not  always 
easy  to  eliminate  all  except  the  one  under  in- 
vestigation. For  example,  in  studying  light  action 
there  is  a  certain  heating  effect  and  also  a 
chenge  in  the  pressure  on  the  selenium.  The  change 
in  pressure  may  be  due  to  change  in  voltune  in  the 
selenium  between  the  seim-fixed  electrodes,  as  a 


result  of  the  light  aotion  end  the  tempereture 
aotlou.  The  izagnitude  of  the  disturbing  efleots 
are  probably  not  larger  than  the  obsorvational 
errors  end  are  henoe  disregarded.  The  percent- 
age change  of  resistance  with  one  atmosphere 
change  of  pressure  lies  between  .05  and  .30 
and  hence  obviously  negligible  for  all  praot- 
ioal  purposes. 

The  general  tendency  of  the  cells  is  for  an 
increase  in  conductivity,  and  a  consequent  de- 
crease of  resistance  to  result  from  an  increase 
in  temperature.  A.   rise  in  temperature  lowers  the 
light  seixsitiveness  of  the  selenium  cell.  This 
light  sensitiveness  is  a  function  of  the  resist- 
ance of  the  given  cell  whether  that  resistance  is 
conditioned  by  temperature,  pressure,  or  light. 
The  observations  of  Riee  and  others  also  indicate 
a  slight  dependence  of  the  resistance  upon  humid- 
ity. 

In  late  years,  the  study  of  selenium  cells  has 


tended  toward  the  proving  of  a  linear  relation- 
ship between  illumination  end  current. 

Photo-eleotrio  current  ie  a  function  of  volt- 
age,of  electrode  distance,  of  preeeure,  and  of 
illumination.  The  effects  of  preeeure  variations, 
electrode  distance  and  voltage,  were  studied  by 
Stoletow,  Varley,  and  others.  All  of  these  studies 
revealed  a  complicated  relationship  between  the 
current  and  the  variables  in  question. 

Richtmyer,  using  an  ordinary  cell,  found  a 
strictly  linear  relation  between  illumination 
and  current,  over  a  range  of  .01  to  600  foot- 
candles.  Elster  and  ffeitel  found  this  relation- 
ship true  over  even  a  greater  range  than  Richt- 
myer investigated.  In  the  photo-electric  alkalai 
cell  there  are  two  electrodes,  separated  by  air 
to  which  a  suitable  difference  of  potential  is 
applied.  Then  if  the  negative  electrode  is 
exposed  to  strong  light,  electrons  ere  emitted, 
and  as  a  result,  a  smell  but  measurable  current 


10 


will  flow.  These  oelle  are  pratoioally  free  from 
inertia,  end  the  current  is,  within  wide  limite, 
proportional  to  the  intensity  of  illumination. 

Five  methods  of  measuring  photo-electric 
current  are  found  in  the  literature t  (1)  by  the 
rate  of  drift  of  an  electrometer  needle-  (8)  by 
the  ballistic  method;  (?)  by  measuring  the  pot- 
ential across  the  terminals  of  a  high  resistance 
in  series  with  the  cell;  (4)  by  balancing  the 
photo-electric  current  with  a  current  variable  in 
a  known  manner;  (5)  by  the  deflection  of  a  sehsitive 
galvanometer.  The  last  method  was  used  in  the 
present  work. 

The  cells  vary  slightly  in  sensitiveness  in 
a  space  of  months  or  years,  but  these  variations 
are  so  slight  as  to  be  negligible.  The  dark 
currents  arising  in  the  cell  are  only  of  the  order 
of  10'^^  to  10"^*^  amperes. 
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Experimental  Results. 
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(a)  Seeorlptlon  of  Apparatus. 

The  selenium  oell, shown  in  Fig.l,  used  in  this 
work  was  the  llder  Selenium  Cell  Standard  Type  "R" 
manufao tired  by  the  Braun  Corporation  of  Los  Angel- 
es Calif.  The  working  surface  is  a  circular  aper- 
ture -^  inoh  in  diameter.  The  selenium  is  spread  in 
a  coating  of  approximately  l/lO,000  of  en  inoh, on 
German  silver  \i\foioh  has  heen  previously  heat-tretted. 
The  whole  cell  is  baked  for  a  number  of  hours,  to 
exclude  all  moisture,  before  being  permanently 
sealed.  Seeling  is  done  while  hot.  All  open  spaces 
within  the  cell  are  filled  with  Canada  balsam, baked 
hard.  Each  cell  is  fitted  with  clips  to  hold  absorp- 
tion cells  for  spectroscopic  work. 

The  Macbeth  Illuminometer  shown  in  Fig. 6  was 
used  to  measure  the  illumination  intensities.  It 
consists  of  three  main  parts  and  various  accessories. 
The  three  main  parts  are  the  illuminometer,  the 
controller,  and  the  reference  standard.  A  Lummer 
Erodhum  cube  is  mounted  in  the  rectangular  head  of 
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the  illuminometer.  The  photometric  field  is  viewed 
through  the  telescope.  The  aperture  opposite  the 
telescope  is  eimed  or  pointed  towerd  the  test  plate. 
On  one  side  of  the  rod  to  which  the  Ismp  oarriege 
is  attached  is  engraved  the  direct  reading  scale, 
calibrated  from  one  to  twenty  five  foot  candles. 

The  controller  comprises  the  battery  for  oper- 
ating the  lamps,  a  Weston  milli-ammeter ,two  close 
regulating  rheostats,  and  a  double  throw  switch. 

The  elimination  of  the  personal  factor  which  is 
always  present  when  using  illuminometers  standardized 
by  others  is  of  the  greatest  importence.  In  the  Mac- 
beth Illuminometer  each  operator  standardizes  by 
means  of  the  reference  standard  against  an  exact 
known  illumination  intensity, and  thus  compensates 
for  the  personal  difference  of  various  photometric 
observers. 

The  accessory  apparatus  consists  of  a  test  plate, 
tripod  and  horn. 
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The  deflection  galvanometer  ueed  was  of  the 
C'ArBonval  type, dead  beat,  manufao tared  by  the 
Chloego  Laboratory  and  Soale  Co.  Machine  waste 
wae  plaoed  under  the  casing  to  minimize  the  vi- 
brations of  the  suspension  due  to  shock. 

The  Standard  Laboratory  Set  used  by  the  Elect- 
rical Department  was  used  to  make  the  dark  resist- 
ance measurements.  The  auxiliary  apparatus  consist- 
ed of  a  potential  rheostat,  voltmeter,  battery  and 
galvanometer  key,  portable  D'Areonval  galvanometer 
and  standard  resistance  boxes. 
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(t)  Method  Of  Prooeedure. 

As  the  cell  had  been  kept  in  the  dark  for  sev- 
eral months,    its  dark  resistenoe  was  first  deter- 
mined. A  battery  key   was  used,   first  olosing  the 
battery  and  then  the  galvanometer  circuit,   thus 
eliminating  the  effects   of  induotenoe  and  capacity. 
A  careful  Wheat  stone  Bridge  balance  gave  the  dark 
resistance  as  3,000,000  ohms.   The  measurement  was 
then  carefully  checked  with  the   Standard  Laboratory 
Set  and  a  result  of  2,999,000  ohms  was  obtained. 
This  was  considered  sufficiently  accurate. 

The  neit  step  was  the  calibration  of  the 
D'Arsonvfil  galvanometer.   The  apparatus  was  connected 
as  shown  in  Fig. 2.  Resistance  boxes  replaced  the 
cell   in  the   scheme.   The  deflections  of  the  needle 
were  read  by  the  usual  method  of  telescope  at  meter 
distance  and  reflected  beam  of  light.  Maximum 
deflection  of  the  needle  was  obtained  at   four  volte 
and   500,000  ohms.   A  voltage-deflection  curve  was 
first   obtained  with  the  resistance  constant  at 
1.600,000  ohms.    (Shown  in  Fig.   4.) 


.TUPY    CV    A   <;r.LEKIUJ;   CELL 


Fig.?.   Diagreit  ol  Coniiectione- 

IlluDBinatlon-Cttrrent  Relationship 
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Then  a  reeietanoe  deflection  ourve   was  taken  with 
the  voltage  oonstent  at   four  volte.   If  D  end  R 
represent .ueepeotively,   the  deXleotion  and  the 
reeietanoe  oeuaing  that  deflection,   then  the 
resistance  H'   causing  another  deflection  D*    ie 
R'    :  R    ::  D    :  D» 
or. 

R»  s  R  X  r 

^' 

Since  the  current -deflection  relationship  is  the 
same  es   the  resistance-deflection,   it  was   thought 
best  to  use  the  resistance  notation  ell  through 
the  work, as  the  iiuantities   involved  were  much 
larger  numerically.   The  results  were  plotted 
giving  curves  as  shown  in  Figs.  4  end  5. 

The  cell  was  then  substituted  for  the  resist- 
ance boxes  and  a  check  made  on  the  dark  resistance. 
▲  deflection  of  6.76  cm.    gave  a  resistance  of 
S, 000, 000  ohms  which  checked  the  previous  work  done, 
The  cell  was  placed  beside  the  test  plate  end  the 
illumination  was  measured.   It  was  broad  daylight 
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in  the  laboaetory.  The  oover  was  suddenly  with- 
drawn from  the  oell  end  it  was  expoeed  to  the 
daylight  illumination.  Readings  of  the  deflec- 
tion of  the  galvanometer  needle,  on  depressing 
the  hattery  key,  were  taken  at  10  second  inter- 
vals. After  the  tef lections  had  assumed  a  steady 
value,  the  oover  was  quickly  replaced  and  readings 
taken  for  a  recovery  curve.  (  Curves  shown  in  Ft*') 

Different  illumination  intensities  ranging 
from  1  to  11  foot-candles  (broad  daylight)  were 
obtained  on  different  days  in  various  parts  of 
the  laboratory  and  data  accumulated  for  the  illum- 
ination-reei stance  carve  shown  in  Fig. 8. 
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(o)  Experimental  Data 


Wheat St one  Bridge  meesurement : 

R   25,000      R^   10,000      R„   1,200,000 
12  3 

Perk  reels tenoe  of  cell,  3,000,000  ohms 


Standard  laboratory  set-  L  &  S  #126. 

aooureoy  1/50  % 
Ratio  10,000  to  10         Reeding  2999 

Dark  resietanoe  of  cell  2,999,000  ohms 


Calibration  of   (Jelvsnometer 


Voltage 
4 
4 
4 
4 
4 
4 
8 
1£ 


Resistsnoe 

Befleotion 

3,000,000  ohms 

6.76  om. 

2,500,000 

9.11 

2,000,000 

10.14 

1,500,000 

13.53 

1,000,000 

20.26 

500  ,000 

40.60 

1,600,000 

27.06 

1,500,000 

40.60 
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Illumination-  Resistance  Measurements-. 
Voltage  constant  at  4  volts. 
Temperature  of  room  75®  F. 
Illumination  constant  at  10.5  f.o. 


Deflection 

Time 

Resistance (cell) 

6.76  cm 

0  sec 

3,000,000  ohms 

7.00 

10 

2,897,100 

12.00 

20 

1.690,000 

14.00 

30 

1,448,500 

16.00 

40 

1,267,500 

18.00 

50 

1,126,600 

19.60 

60 

1,035,000 

E0.20 

70 

1,000,000 

20.28 

80 

1,000,000 
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Illuminetion-  Reels tanoe  Meaeuremente: 
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Dieouesion  of  Results. 
The  results  obtained  were  surprising  end  some- 
what disappointing.  The  cell  wee  furnished  by  the 
makers  with  the  statement  that  its  change  of 
resistance, dark  to  light,  was  25  to  1,  or  a  change 
of  resistance  from  300,000  to  IE, 000  ohms.  The 
cell  was  either  injured  in  some  way  or  else  did 
not  live  up  to  specifications. 

As  it  stands,  the  linear  relation  between 
current  and  illumination  was  definitely  proven 
between  the  limits  and  dark  and  daylight  illum- 
ination. The  range,  however,  is  so  small,  that 
the  use  of  this  cell  for  the  purposes  intended, 
i.e.,  on  lighting  circuits,  would  involve  the 
design  of  a  galvanometer  principle  relay  oper- 
ating on  low  voltage;  and  it  is  doubtful  whether 
it  could  be  made  accurate  and  sensitive  enough 
to  respond  to  small  changes  in  illumination. 

The  work  was  carried  out  throughout  with 
the  idea  of  imposing  conditions  that  would 
likely  be  met  with  in  a  modern  office  or  build- 
ing ^ere   the  cell  would  be  installed.  The 
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resistaooe  of  the  cell  wes  meaeured  at 
freezing  outdoor  temperature  and  the  change  of 
reeietanoe  was  not  large   enough  to  warrant  a 
temperature  resistance  curve, 

▲  cell   having  a   eeneitlvity   of  25  or  30  to  1 
would  permit   adjuetmente   of  non-operative   and 
operative  relays  with  a  few  percent  leeway  in 
each  direotion;a  sensitiveness   of  3  to  1  makes 
this  impossible. 

The   linear  illumination-current  relation- 
ship being  definitely  proven  leaves   the  problem 
one  to  modify     or   in  some  other  way  to  secure 
a  cell  with  the  desired  sensitivity,   and  then 
construct   the  mechanical  features  involved  in 
snap  and   cut-out   switches, for  the  operating 
conditions   imposed  on  the  cell.   These  problems 
the  author  hopes  to   work  on  in  the  near  future. 
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